A transcriptional initiator (Inr) for mammalian RNA 
element that overlaps a transcription start site and is sufficient for (i) determining the start site location in a promoter that lacks a TATA box and (ii) enhancing the strength of a promoter that contains a TATA box. We have prepared synthetic promoters In many mammalian promoters, a DNA sequence element called a TATA box positions the transcription start site by nucleating the formation of a preinitiation complex containing RNA polymerase II and several general transcription factors (43) . TATA activity can be imparted by a wide variety of A+T-rich elements (10, 31, 42) , a fact that several years ago led to the hypothesis that the various TATA sequences were recognized by multiple distinct TATAbinding proteins within a cell (5, 11, 30, 39) . This model was supported by the finding that some upstream activators stimulate transcription through only a subset of the known TATA sequences (5, 11, 30, 38, 39) . However, only one TATA-binding protein has been isolated, and this protein, called TBP, functionally interacts with numerous A+T-rich elements (10, 13, 42, 44) . Apparently, the relatively low degree of sequence selectivity results from the fact that TBP recognizes the minor groove of DNA (16, 36) . Because TBP is now thought to interact with every TATA box, several alternative hypotheses have been proposed to explain the functional differences among TATA elements (32) . One hypothesis is that TBP interacts with the various TATA sequences in conjunction with different sets of accessory factors or with proteins that recognize overlapping control elements (1, 2, 8, 23, 24, 37) .
In some promoters, a second type of core promoter element, called an initiator (Inr), has been found to mediate the same functions as TATA elements (reviewed in references 15, 32, and 40) . In the narrow definition used here, Inr elements can localize a transcription start site and mediate the action of at least some upstream activators in the absence of a TATA box. An Inr carries out this activity from a position that directly overlaps the start site. Inr elements also can cooperate with a TATA box if both elements are found in the same core promoter and are separated from each other by approximately 25 bp (21, 33, 34) . A variety of proteins, including TFII-I, USF, YY1, and HIP1, have been reported to impart Inr activity by functionally interacting with unique elements found at the start sites of specific genes (7, 18, 27, 28) .
Two models must be considered to explain the abovedescribed observations concerning Inr elements. First, as suggested by the identification of multiple Inr-binding proteins (7, 18, 27, 28) , several distinct classes of Inr elements may exist, with each class being recognized by a different protein. In other words, the binding of any one of several distinct proteins may be sufficient for directing RNA synthesis to begin at a precise nucleotide in the absence of a TATA box. Second, all of these Inr elements may functionally interact with a universal recognition protein, similar to the recognition of heterogeneous TATA boxes by the universal TBP. With this model, specific Inr-binding proteins (la, 7, 18, 27, 28) would augment promoter strength and act in conjunction with the universal protein.
To distinguish between these two opposing models for Inr recognition and function, we Plasmids containing promoters with Inr mutations were constructed by synthesizing both strands of the desired sequence flanked by Sacl (EcoRI in some cases) and BamHI sites. When multiple mutations at a given location were desired, the synthesizer was instructed to insert a pool of random nucleotides at that position. The annealed oligonucleotides were then inserted into the appropriate restriction sites in plasmid III (34) and analyzed as described above.
Plasmids for transient transfection analysis were prepared by excising the promoters from pSP72-based vectors with HpaI and BamHI and inserting them into plasmid pSVPyTK (33) , digested with ClaI (for blunt ending) and BglII.
In most cases, two independent large preparations of plasmids were made and were purified by column chromatography (Qiagen). Concentrations were accurately determined by absorbance measurements and confirmed by agarose gel electrophoresis.
In vitro transcription analysis. In vitro transcription reactions were carried out with 300 ng of plasmid DNA in nuclear extracts derived from HeLa cells as described previously (33, 45) . RNA products were purified and analyzed by primer extension analysis with a 32P-labeled SP6 promoter primer. cDNA products were visualized by electrophoresis on an 8% denaturing polyacrylamide gel and then autoradiography in the presence of an intensifying screen. Quantitation of signals was done primarily by Phosphorimager (Molecular Dynamics, Inc.) analysis, but a small subset of quantitation was performed by densitometry.
Transient transfection analysis. COS7 cells were transfected with replication-competent plasmids in vector pSVPyTK as described previously (33, 35) . Cytoplasmic RNA was isolated after 48 h and analyzed by primer extension analysis (35) .
DNA-binding assays. 32P-labeled probes for gel mobility shift experiments were prepared either from plasmid DNA or directly from oligonucleotides. For probes prepared from plasmids containing synthetic promoters, the plasmids were digested with EcoRV and HindIII. The resulting 61-bp fragments were then 5' end labeled with T4 polynucleotide kinase (Boehringer). For probes prepared from oligonucleotides, the wild-type 53-mer oligonucleotide 5'-TGATCAG GTCCTTTCTCCCAAAATGLGAGCTCTTGACACAAA GAACAGTGAACT-3' (underlined nucleotides represent core YY1 binding site) was synthesized, as were various mutant oligonucleotides. Another oligonucleotide, 5'-AGT TCACTGTTCT-3', was designed to be complementary to the 3' end of the 53-mer. Each 53-mer (200 ng) was annealed to a 10-fold excess of the 13-mer. A complete, doublestranded probe was prepared by the addition of the E. coli DNA polymerase Klenow fragment in the presence of [a-32P]dATP and unlabeled dCTP, dGTP, and TTP. Unlabeled dATP was later added to complete the DNA synthesis. Probes prepared by both methods were purified by electrophoresis on a 6% polyacrylamide gel.
Gel mobility shift experiments were performed with 5,000 cpm of labeled probes and 5 ,ug of crude nuclear extract prepared from HeLa cells or from RLmll T cells. Results similar to those shown in Fig. 7B and 8 were also obtained with YY1 that had been purified through a sequence-specific DNA affinity column (data not shown). Binding reactions were carried out at room temperature for 20 min as described previously (16a) . Mobility shift gels were 5% polyacrylamide in 0.5x TBE buffer (lx TBE buffer is 90 mM Tris-borate plus 2 mM EDTA). Gels were prerun for 30 min and, after loading of the samples, electrophoresis was done for 90 min at 180 V. Quantitation of the dried gels was carried out by Phosphorimager scanning.
RESULTS
In vitro analysis of Inrs containing random pyrimidines. Most functional Inr elements contain the sequence CA at -1 and +1 (where +1 refers to the transcription start site), surrounded by a few or several pyrimidines (15, 32, 40) . In addition, before functional studies of Inr elements were carried out, a consensus sequence of Py2CAPy5 was observed at the transcription start sites of several TATAcontaining promoters (3, 6, 15) . Thus, to examine the range of sequences that can impart Inr activity in mammalian cells, we first asked whether any sequence matching this loose consensus sequence was highly active or whether specificity in sequence requirements could be identified.
Eighteen plasmids were constructed to contain CA flanked by four upstream and eight downstream pyrimidines, with the pyrimidines generated randomly by an oligonucleotide synthesizer (see Materials and Methods and Fig. 1B ). These plasmids were derived from plasmid III (34) , which contains multiple binding sites for transcription factor Spl 42 bp upstream from the CA within the random sequences. In addition, a weak TATA box containing the sequence GATATC is present in this plasmid 25 bp upstream from the CA. This sequence imparts TATA activity about 40 to 100 times more weakly than does the consensus sequence TATAAA (44) . Because TATA and Inr elements cooperate with each other during transcription initiation, we included this sequence with the idea that it might allow us to detect activity from a weaker Inr sequences than we might with a highly G+C-rich sequence at -25 (see Fig. 5 ).
In vitro transcription experiments were performed with the above-mentioned plasmids in nuclear extracts derived from HeLa cells, and the resulting RNAs were analyzed by primer extension analysis. The positive control was a promoter containing the Inr element from the terminal transferase (TdT) gene (P2121; Fig. 1A, lanes 1 and 12) others were more than 100 times weaker (plasmids R2549 and R2533; lanes 9 and 11). Examination of the promoter strengths for the entire series revealed that numerous sequence combinations can impart at least moderate activity, with a few consistent and notable trends. Most obvious was the fact that the seven Inrs with activities of 36% or greater (relative to the TdT Inr) contain a T at +3, whereas the majority of the weaker Inrs contain a C at +3. The weakest Inr containing a T at +3, R2556, contains unusual homopolymeric stretches (C5AT8) that may lead to the weak activity. A second observation was that, within the sequences containing a T at +3, the stronger Inrs consistently contain a T at +2, while the weaker Inrs contain a C at +2. Also, within the sequences containing a C at +3, the stronger Inrs contain a T at +2, while the weaker Inrs contain a C at +2. These results suggest that a T at +3 may be necessary for strong Inr activity and that a T at +2 may result in a slightly stronger Inr.
A comparison of the results found with specific pairs of promoters revealed that, in some instances, sequences surrounding the -1 to +3 core can influence Inr activity. For example, plasmids R2557 and R2537 contain the same sequence between -2 and +7, yet their Inr activities differ by sixfold. In addition, plasmids R2559 and R2553 are almost identical between -5 and +6, yet their activities differ by almost ninefold (part of this difference can be attributed to the different nucleotides at the +2 position). Finally, plasmids R2532 and R2533 are similar between -5 and +3 (except for position +2), yet their activities differ by more than sevenfold. We have not addressed the reason for the different activities found with each of these pairs of plasmids, but it may be noteworthy that in each pair, the weaker element contains unusually large numbers of G. C base pairs between -5 and +8. As mentioned above, plasmid R2556 also contains five C's preceding the start site, leading to the possibility that a high G+C content and/or G-C stretches may be detrimental for all three of the weak Inrs containing a T at +3 (R2553, R2537, and R2556). Alternative explanations for the effect of surrounding sequences are discussed below (see the Discussion).
In general, the conclusion from the experiments shown in Fig. 1 is that a wide range of sequences can impart Inr activity, with limited sequence requirements residing primarily between -1 and +3. More importantly, the consistent trend in sequence requirements observed here (CATT > CACT > CATC > CACC) suggests a model in which a single protein (or a highly related class of proteins) which binds to DNA with a low degree of sequence selectivity is responsible for the activities of all of the Inrs. If multiple, unrelated sequence-specific DNA-binding proteins were capable of imparting Inr activity, we might have expected to find a much smaller percentage of functional sequences and less similarity between the functional sequences.
In vitro analysis of Inrs containing random nucleotides. Because a wide range of sequences imparted Inr activity in Fig. 1 , we extended our analysis by asking whether a similarly large proportion of sequences would be functional if the CA were surrounded by completely random nucleotides. We prepared and tested 18 plasmids in the same promoter context as that described above; the plasmids contained the sequence N4CAN8 at the initiation site (see Fig. 2B ).
In vitro transcription analyses ( Fig. 2) revealed that a smaller number of these sequences provided Inr activity and that the active Inrs, even those containing a T at +3, were less active than those containing random pyrimidines. (All start sites were combined for the quantitations presented in Fig. 2B .) The promoters with the highest activities contain either a T or an A at the +3 position and, with one exception, the weaker promoters contain either a C or a G at +3. The one exception, plasmid R247, contains a T at +3 but contains no other pyrimidines in the random sequences between -5 and +6.
With this series of plasmids, significant start site heterogeneity was observed. In most cases (e.g., R442, R450, and R452), the heterogeneity appears to have resulted from the presence of CA or TA dinucleotides at positions other than -1 and +1. However, because most of the promoters in this series are weak, it is not clear whether the presence of the additional start sites directly contributes to Inr strength.
The results of the random-nucleotide Inr analyses suggest that, in most instances, the sequence CANT/A can impart at least a low level of Inr activity. For stronger activity, a comparison of Fig. 1 and 2 reveals that pyrimidines are important in at least some positions surrounding the -1 to +3 core. Furthermore, Inr activity could be detected at low levels when a C or a G at +3 was followed by appropriate pyrimidines. However, precise sequence requirements for the surrounding pyrimidines could not be defined.
In vivo analysis ofInrs containing random sequences. The above-described experiments analyzed the activities of random-sequence Inr elements by use of an in vitro transcription assay. To test whether this set of Inrs imparts similar relative activities in vivo, we used a transient transfection assay with eight of the promoters described above. These promoters were inserted into plasmid pSVPyTK, containing a herpes simplex virus thymidine kinase reporter gene and a simian virus 40 origin of replication. This vector replicates to a high copy number in COS7 monkey cells containing an integrated copy of the simian virus 40 large tumor antigen (9) . The plasmids were transfected into the COS7 cells and, after 48 h, cytoplasmic RNA was isolated and analyzed by primer extension analysis with a 32P-labeled primer complementary to thymidine kinase mRNA sequences. As an internal control, equal amounts of a plasmid containing Spl binding sites and a TATA box were cotransfected with each test plasmid (see band labeled "C" in Fig. 3) .
The results from the in vivo analysis (Fig. 3 ) revealed a trend in Inr strengths that was consistent with the results found with the in vitro assay, but two significant differences were apparent. First, all but one of the random-sequence Inrs resulted in greater relative promoter strengths in vivo than in vitro. For example, the weakest Inr, R226, was 10% as active as the TdT Inr in vivo (Fig. 3 , lanes 1 and 8) but less than 1% as active as the TdT Inr in vitro (Fig. 2) . Similarly, the R2545, R332, R442, R2532, and R2549 Inrs were 81, 46, 41, 40, and 20%, respectively, as active as the TdT Inr in vivo but 42, 24, 9, 7, and <1%, respectively, as active as the TdTInr in vitro. Similar results were found after transfection into human 293 cells, in which the plasmids do not replicate (data not shown). Most likely, the specific promoter context is responsible for the high level of background activity and the small difference between the strongest and the weakest Inrs. In particular, the GATATC sequence at -25 and the 12 upstream Spl binding sites may be optimal for detecting Inr activity with the in vitro assay (see Fig. 5 ), but they appear to strongly diminish the importance of the Inr during the transfection experiments (see the Discussion).
The second difference found between the in vivo and in vitro assays was that one Inr, R2541, was weaker in vivo than in vitro (Fig. 3, lane 2, versus Fig. 1, lane 3) , relative to the TdT Inr and to the other random-sequence Inrs. We do not understand the basis for this deviation from the trend, but one possibility is that differences in transcript stability may be more apparent with the in vivo assay. Because of the potential difficulty with transcript stability in vivo and because the in vivo assay was less sensitive in distinguishing differences between the strengths of various Inr sequences, we used the in vitro assay for the more extensive analysis described below.
Analysis of Inrs containing directed mutations. To confirm and extend the results from the random-sequence analyses, several series of promoters containing directed mutations in the TdT Inr were prepared and analyzed. We were particularly interested in establishing the sequence requirements at the -1 and +1 positions and in determining whether the elements with A or T at +3 represent two distinct classes of Inrs. The results from this analysis are shown in Fig. 4 . (We previously showed that the +2 position could be varied with little effect on Inr activity [33, 34] .) These experiments confirm that the nucleotides at +1 and +3 are the most critical for determining the level of Inr activity. The +3 position appears to be the most important, because replacement of the T with G, C, or A resulted in promoter strengths that were 3, 9, and 22%, respectively, of VOL. 14, 1994 by on May 11, 2007 mcb.asm.org :% : a: 9 Taken together, the results in Fig. 1, 2 , and 4 show that the T at +3 and the A at +1 are the most important nucleotides for Inr activity. Pyrimidines surrounding +1 and +3 are also critical for activity, but a certain degree of redundancy exists. For example, the +4 and +5 nucleotides can be varied, with only a twofold effect, when optimal sequences are located between -5 and +3. Similarily, the -2 nucleotide can be varied, with only a twofold effect, when optimal sequences are located between -1 and +5. However, when no sequences surrounding the -1 to +3 core are optimal, the CANT sequence is insufficient for Inr activity (see R247 in Fig. 2 ). Weaker Inrs depend on an A+T-rich -30 sequence for activity. In the experiments shown in Fig. 1 to 4 , the promoters contained a weak TATA box (GATATC) 25 bp upstream from the random-sequence and mutant Inrs. This TATA element has an approximately 40 to 100 times lower affinity for TBP and lesser ability to function as a TATA box (44) . We included this element because we suspected that it might increase the sensitivity of our assay, largely as a result of the apparent cooperativity between TATA and Inr elements. In other words, we suspected that if we instead had used a G+C-rich sequence at -25, many of the weaker Inrs that we identified would have been inactive. To test this possibility directly and to analyze the relative influences of the upstream sequence in the presence of strong versus weak Inrs, we inserted different upstream sequences into plasmids containing either the TdT Inr or a weaker Inr (containing the sequence TCTACA+1GAGAA).
The results in Fig. 5 show that the strength of a promoter containing the TdT Inr is dependent on the sequence present between -14 and -33. This result reproduces those of experiments reported previously (44) and is most consistent with a model in which Inr-mediated transcription requires binding of TBP to the -30 region during transcription initiation. Because we can detect specific initiation with every upstream sequence, it appears that TBP can be directed to bind to the upstream region with some efficiency, regardless of the sequence present in that region (44) . In the presence of the weak Inr element, the promoter strength is also strongly dependent on the upstream sequence (Fig. 5) . More importantly, with the promoters tested here, it appears that the greatest sensitivity was observed with the GATATC upstream sequence (sequence e). With this sequence, the promoter with the TdT Inr was 4.6-fold stronger than the promoter with the weak Inr, and the strength of the promoter with the weak Inr was well above background levels. In contrast, with a strong TATA box upstream (sequence a), the TdT Inr was only twofold stronger than the weak Inr. Furthermore, with upstream sequences containing a higher G+C content (i.e., a lower affinity for TBP; sequences c and d), the TdT Inr was at least five-to sevenfold stronger than the weak Inr, but the activities of the promoters containing the weak Inr were approximately at background levels. Thus, if our analysis had been performed with a stronger upstream TATA box, the differences between the strong and weak Inrs would have been smaller. If Fig. 1 to 4, 6 , and 7. tested in Fig. 1, 2 , and 4 may not perfectly fit the definition of an Inr, because their activities probably rely on the presence of a TATA-like sequence at -30 (see the Discussion).
Analysis of Inrs which interact with E2F and YY1. The simplest explanation for the results presented above is that all active Inrs interact with a universal protein which recognizes DNA with a relatively low degree of sequence selectivity. However, previous in vitro studies suggested a functional role for at least four distinct DNA-binding proteins, YY1, E2F/HIP1, TFII-I, and USF (la, 7, 18, 27, 28) , implying instead that multiple proteins impart activity through multiple classes of Inr elements. Below we describe analyses of additional mutations which were designed to determine whether E2F/HIP1 or YY1 is responsible for the Inr activity characterized above. TFII-I and USF are discussed in the Discussion.
The dihydrofolate reductase (DHFR) gene contains an active Inr element that is recognized by a protein called HIP1 (18) , now known to be similar to E2F (la, 12) . The DHFR Inr partially matches our consensus sequence and, as would be predicted from the results shown in Fig. 1 Fig. 6 ). In plasmids dhfrl through dhfr7 (Fig. 6, bottom) , mutations that eliminate either one or both of the potential binding sites for E2F were introduced into the DHFR Inr. The distal E2F binding site was altered in all seven mutant Inrs. In dhfrl, in which only the distal site was mutated, Inr activity increased from 7 to 18% (Fig. 6, lanes 3 and 10) . In dhfr2, a mutation was also introduced at the +1 nucleotide, altering the second E2F binding site and inactivating the consensus Inr element. As expected, this mutation strongly reduced Inr activity (lane 4) . In dhfr3, dhfr4, and dhfr5, mutations which altered the second E2F binding site but which increased the similarity between the DHFR Inr and the strong TdT Inr were introduced. These mutations increased Inr activity (lanes 5 to 7).
Finally, conversion of the G at -5 to T reduced promoter strength by less than twofold (dhfr6; lane 8). This specific mutation previously had been shown to eliminate E2F/HIP1
binding to the wild-type DHFR promoter (19) . Importantly, a recent report by Kollmar and Farnham revealed a similar inability to correlate the binding of E2F/HIP1 with the activity of the DHFR Inr (15) . Thus, E2F/HIP1 does not appear to be responsible for functionally interacting with the consensus Inr element. The YY1 protein has been shown to bind to the TdT Inr and also to the Inr element in the adeno-associated virus p5 gene (28) . The p5 Inr (Fig. 7 , bottom, p5+1) matches closely with the weak consensus sequence defined here. Thus, YY1
is a candidate for the functional Inr-binding protein. To test this possibility, we prepared promoter constructs containing wild-type and mutant YY1 binding sites which previously had been analyzed for their abilities to interact with YY1 (22, 29) . We also confirmed the ability of YY1 to bind to these elements (Fig. 7B) . The p5+1 sequence, found at the start site of the p5 promoter, imparted significant Inr activity when placed downstream of Spl binding sites (Fig. 7A, lane  3) , as reported by Seto et al. (28) . Two mutations in this Inr element were tested; both had been shown by Shi et al. (29) to eliminate YY1 binding. One of these mutations (p5+lml; Fig. 7A , lane 7) strongly reduced Inr activity, but the other (p5 +lm2; lane 6) increased activity by about twofold. Next, we tested two additional sites that have been reported to bind to YY1 with a high affinity (22, 29) . One of these sites, found in the upstream region of the p5 promoter (p5-60), matches our Inr consensus sequence, but the other, found in the immunoglobulin ,u enhancer (El [22] ), does not (it contains a C at the +3 position). The p5-60 element imparted strong Inr activity, but the El element did not (Fig. 7A, lanes  4 and 8) . In addition, a mutation in the p5-60 element (p5-60m3) which previously had been found to eliminate YY1 binding (29) reduced Inr activity by less than twofold. Thus, we found no correlation between Inr activity and the binding of YY1. Instead, we found that the elements that match our loose consensus sequence impart activity, while those that diverge from our consensus sequence are largely inactive.
The ability of YY1 to bind to the wild-type and mutant Inr elements used in Fig. 7A was confirmed by a gel mobility shift assay (Fig. 7B) . As expected, with a 32P-labeled probe containing the p5+1 element, a strong complex was observed in nuclear extracts derived from HeLa cells (Fig. 7B,  lane 2) . This complex migrated at the same location as complexes detected with YY1 purified on a sequence-spe- TdT cific DNA affinity column and also with recombinant YY1 expressed in E. coli (data not shown). Moreover, polyclonal antibodies directed against YY1 specifically altered the migration of the protein-DNA complex (data not shown). Consistent with previous reports (22, 29) , both the El and the p5-60 elements bound YY1 (Fig. 7B, lanes 3 and 7) , although p5-60 bound with an apparently lower affinity. In some experiments, a weak band could also be detected with the TdT Inr (Fig. 7B, lane 1) . However, protein-DNA complexes were not detected with the p5-60m3, p5+lm2, and p5+lml elements (Fig. 7B, lanes 4 to 6) . These results match those reported previously (22, 29) .
To confirm that YY1 does not bind to a consensus sequence matching that required for Inr activity, we defined a consensus YY1 binding site. For this analysis, we began with an oligonucleotide containing a strong YY1 binding site that is found 105 bp upstream of the transcription start site in the murine TdT promoter (17) (Fig. 8) . Single-base-pair mutations were then introduced at several positions within this site, and double-stranded 32P-labeled probes were prepared.
The results of the gel shift analyses (Fig. 8 ) defined a 4-bp core YY1 binding site (cCAT). Mutation of the first C to either a T or an A reduced the intensity of the protein-DNA complex by 3-to 4-fold (Fig. 8, lanes 2 and 4) , whereas mutation to a G reduced the intensity by 25-fold (lane 3). Any mutation in the remaining three positions of the consensus sequence dramatically reduced complex formation (Fig. 8, lanes 5 to 13) . In contrast, mutations in the nucleotides surrounding this core (Fig. 8, lanes 15 to 28) resulted in much smaller differences, with the strongest effect being from mutations at the T located 3 nucleotides downstream of cCAT. On the basis of these results, the sequences required for YY1 binding are clearly distinct from the consensus sequence for Inr activity.
DISCUSSION
The analysis presented in this paper suggests that all or almost all core Inr elements contain an underlying sequence similarity. However, because an unusually wide range of sequences can impart detectable Inr activity, a simple Inr consensus sequence cannot be declared. To predict the degree to which a given sequence will function as an Inr, it may be best to begin by focusing on the strong preference for an A near the start site, with a T located 2 nucleotides downstream. (As we demonstrated previously [21, 45] , an Inr can enhance promoter strength even if it is shifted slightly upstream or downstream from the start site. Thus, the A can be located between approximately -5 and +5.) Next, the pyrimidine content surrounding the ANT should be assessed, with particular attention to the -1, -2, +4, and +5 positions. In general, the larger the number of pyrimidines in these locations, the greater the activity of the Inr. Moreover, if a large number of pyrimidines are present surrounding the start site, low levels of Inr activity can be imparted in the absence of either the A at +1 or the T at +3 (Fig. 4) The results in Fig. 1 demonstrate that, in some instances, sequences surrounding the core Inr consensus sequence influence activity. In particular, the R2553, R2537, and R2533 Inrs are weaker than would have been predicted on the basis of the Inr consensus sequence and on a comparison with similar, randomly generated elements (see the Results). Possibly, the specific sequences found in these elements possess a reduced affinity for the putative Inr-binding protein. However, there are two alternative explanations. One alternative is based on the observation that all three of these weak Inrs contain an unusually large number of G. C base pairs between -5 and +8. Possibly, the high G+C contents reduce Inr activity by preventing template melting during transcription initiation. A second possibility is that the specific sequences contain fortuitous high-affinity binding The approximate consensus sequence Py Py A+1 N T/A Py Py provides a starting point for predicting whether a given sequence will impart Inr activity, but other issues must be considered when attempting to assess the importance of an Inr element within a given promoter. For example, the nature of the sequence at -25 appears to influence both the relative activity of an Inr and the degree to which the Inr influences promoter strength and start site placement (41, 44) . A strong Inr, like that found in the TdT promoter, appears to function to some degree regardless of the upstream sequence (44) . However, weaker Inrs may have little influence on core promoter activity and on start site placement when the promoter contains a strong consensus TATA box (Fig. 5) (17) . Weak Inrs may also be inactive when the sequence at -25 is G+C rich and possesses an unusually low affinity for TBP (44) (Fig. 5) . In fact, on the basis of the results shown in Fig. 5 , many of the weaker elements analyzed in this study do not fit the definition of an Inr (see introductory paragraphs) in that they apparently would not be capable of dictating the location of a start site in the absence of a TATA box. Nevertheless, the weak elements most likely act through the same mechanism as the strong Inrs.
The quantitative differences between the in vitro and in vivo results further reveal that we cannot predict how well a given sequence will function as an Inr in the context of an endogenous promoter. The in vitro assay suggested that the TdT Inr was more than 100-fold stronger than the R2549 and R226 Inrs, but the in vivo assay revealed only 5-and 10-fold differences, respectively. The demonstration of an underlying similarity among most or all Inr elements is most consistent with a model in which all Inrs are recognized by a universal protein which binds to DNA with a low degree of sequence selectivity. Alternatively, the various Inr elements may be recognized by a class of Inr-binding proteins whose structures are closely related to each other. However, the results are much less consistent with previously proposed models, which suggested that Inr activity can be imparted by multiple DNA binding proteins, such as TFII-I, USF, YY1, and E2F, which are structurally very different from each other (7, 18, 27, 28, 40) . In fact, none of these proteins appear to recognize the precise sequences that make up the Inr consensus sequence.
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TFII-I and USF have been shown to bind with highest affinity to the sequence CACGTG, which does not match the Inr consensus sequence (27) . Moreover, these proteins bind with lower affinities to the start site regions for three promoters, the TdT, adenovirus major late (AdML), and human immunodeficiency virus type 1 promoters (7, 27 tion in the context of our promoters. In the in vitro experiments shown in Fig. 7 , the p5+lm2 mutation inhibited the binding of YY1 and increased Inr activity by twofold. The increase in activity cannot be explained by the Inr consensus sequence and instead may result from the loss of YY1 binding. Similarly, in the in vivo experiments shown in Fig.  3 , the activity of the R2541 promoter was lower than was anticipated on the basis of the Inr consensus sequence derived from the in vitro analysis. Interestingly, of the promoters tested in vivo, R2541 was the only one likely to bind tightly to YY1. Thus, YY1 may be responsible for the reduced in vivo strength of this Inr. Although TFII-I, USF, YY1, and E2F are not likely to impart Inr activity, all of these proteins have been reported to enhance the strengths of specific promoters by binding to sequences which overlap transcription start sites (la, 7, 18, 27, 28) . Thus, these proteins appear to be transcriptional activators that stimulate transcription from promoters that contain either a TATA box or an Inr. Further experiments are needed to establish whether these activators function by a mechanism that is similar to or different from the mechanism used by proteins bound upstream of the core promoter. As a starting point, mutations that eliminate either the binding of a specific protein or the Inr consensus sequence (but not both) need to be introduced into the start site regions of specific natural promoters, such as the AdML, DHFR, and adeno-associated virus p5 promoters (7, 18, 28) .
Because our experiments were performed with Spl binding sites located upstream of the Inr, we cannot rule out the possibility that different upstream activators will function through a different class of Inrs with a distinct consensus sequence. However, it should be noted that almost every Inr that has been described functions with upstream Spl binding sites (15, 32, 40) . In addition, we found a similar consensus sequence when several of the random-nucleotide and mutant Inrs tested here were analyzed downstream of a TATA box, in the absence of an upstream activator (14) . Most importantly, the consensus sequence identified here is remarkably similar to a consensus sequence derived solely through sequence comparisons (in the absence of functional studies) of over 500 unrelated genes (3). Thus, the functional sequences identified in this study are likely to be representative of the elements present in most or all Inr-containing promoters.
From the experiments presented in this study, it is apparent that a protein that recognizes the Inr consensus sequence has not been reported. However, recent studies done in our laboratory (14) and by Purnell and Gilmour (25, 26) found that the human and Drosophila TFIID complexes specifically interact with Inr elements. Moreover, in all of those studies, TFIID binding was strongly and specifically dependent on the Inr consensus sequence, in particular, the nucleotides at the + 1 and +3 positions. A previous report by Carcamo et al. (4) revealed that the purified RNA polymerase II holoenzyne directs low levels of transcription that initiate with some specificity from CA dinucleotides. Thus, the initial recognition of the Inr consensus sequence appears to be carried out by a component of the TFIID complex. Once RNA polymerase II has been recruited to the preinitiation complex, it may preferentially begin RNA synthesis from CA dinucleotides within the Inr.
